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Description 

FIELD OF THE INVENTION 

5 This inveritiorrreiales iCT a process for ine rnoaium-catelyzed linear dimerization of terminal olefins. 

BACKGROUND OF THE INVENTION 

The dimerization and codimerizatron of a-olefinic compounds in the presence of a group VIII noble 
10 metal salt is disclosed by Alderson (U.S. 3*013,066). The dimerization and codimerization of alkenes and 
alkyi acrylates in the presence of rhodium trichloride is disclosed by Alderson et al. (J. Amer. Chem Soc. 
1965. 87, 5638-5645) 

Nugent et al. (J. Molecular Catalysis 1985. 29, 65-76) disclose a process for the linear dimerization of 
alkyt acrylates using chlorobis(ethylene)rhodium(l) dimer in combination with a Lewis acid promoter and a 
15 proton source. 

Singleton (U.S. 4,638,084) discloses a process for dimerizing a lower alky! acrylate or a lower alkyI 
methacrylate to the corresponding dialkyi hexenedioates and dialkyi 2,5-dimethylhexenedioates by contact 
with a catalyst prepared by reacting chlorobis(ethylene)rhodtum(l) dimer and silver tetrafluoroborate. 

Brookhart et al. (J. Amer. Chem. Soc. 1988. 7 70, 8719-8720) disclose the use of a cationic rhodium 
20 catalyst containing a pentamethylcyclopentadienyl ligand in the dimerization of ethylene to butenes. 

SUMMARY OF THE INVENTION 

This invention provides a process for preparing functionalized linear olefins which comprises reacting a 
25 first olefin. H2C = CR'R2, with a second olefin. H2C = CRW. In the presence of a cationic rhodium 
compound. [L^RhL^L^RJ+X-; wherein 

R"" is selected from the group consisting of H and Ci -Ci o alkyI; 

R2 is selected from the group consisting of H. Ci-Cio alkyI, phenyl, C7-C12 alkyl- 

substituted phenyl, -COOR^ -C(0)NR^R^ and -C(0)H; 
30 . is selected from the group consisting of H and Ci -C10 alkyI; 

R* is selected from the group consisting of -COOR^ , -C(0)NR9R^o, and -C(0)H; 

R^ and R^ are Independently selected from the group consisting of C1-C10 alkyI; 

R^, R^, R^, and R^° are independently selected from the group consisting of H and C1-C10 alkyI; 
L** is an anionic pentahapto ligand; 

35 L^ and L^ are neutral 2-electron donor ligands; 

R is selected from the group of H, C1-C10 alkyl. Ce-Cio aryl. and C7-C10 aralkyl 

ligands; 

X~ is a non-coordinating anion; and 

wherein two or three of L^, L^ and R are optionally connected. 
40 This invention also provides novel compounds, I and 11. which are useful in the process of this invention, 



45 



so 




3 



EP 0 475 386 B1 



where 

L* is an anionic pentahapto llgand; 

L5 is a neutral 2-electron donor ligand; 

R11 is selected from the group of Ci-Cio alkyi; 

pon is a non-coordinating anion; 

■L^ Is an anionic pentahapto ligand; 

and are independently selected from the group consisting of Ci-Cio alkyI; and 

p<2]- is a non-coordinating anion. 



DETAILED DESCRIPTION OF THE INVENTION 

The process of this invention can be used to homodimerize or codimerize functionalized terminal olefins 
In a linear, tail-to-tail fashion, or to dimerize functionalized terminal olefins with terminal alkenes. The 
products of the process of this invention are linear, functionalized olefins In which a carbon-carbon bond has 
been formed between the methylene carbons of the olefin reactants. Specific examples of useful products 
include dialkyi hexenedioates, which are precursors to adipic acid. 

In the process of this invention, a linear functionalized olefin is prepared by reacting a first terminal 
Olefin. GH2=CR^R2, with a second terminal olefin. CH2=CR3R^ in the presence of a cationic rhodium 
compound; [URhL^L^Rf X"; wherein 

Ri is selected from the group consisting of H and Ci-Cio alkyI; 

R2 is selected from the group consisting of H. Ci-Cio alky I, phenyl, C7-C12 alkyl- 

substituted phenyl. -COOR5, -C(0)NR^R^. and -C(0)H; 

R3 is selected from the group consisting of H and C1-C10 alkyl; 

R4 is selected from the group consisting of -COOR^ . -C(0)NR9 R^° , and -C(0)H; 

R^ and R* are independently selected from the group consisting of C1-C10 alkyl; 

R6, R^. RS. and R^° are independently selected from the group consisting of H and C1-C10 alkyl; 

V is an anionic pentahapto ligand; 

L2 and are neutral 2-electron donor ligands; 

R is selected firom the group of H. C1-G10 alkyl. Cc-Cio aryl. and C7-C10 aralkyi 

ligands: 

X"" is a non-coordinating anion; and 

wherein two or three of L^, and R are optionally connected. 

Suitable terminal olefins. H2C = CR^R2. include: ethylene; teoninal alkenes containing 3-12 carbon 
atoms, e.g., propene, 1-butene, isoprene, 1-pentene. 1-hexene. and l-heptene; styrene; 4-methylstyrene; 
alkyl acrylates, where the alkyi group contains 1-10 carbon atoms, e.g.. methyl acrylate and ethyl acrylate; 
methyl methacrylate; acrylamide; methacrylamide; N-alkyI acrylamides, where the alkyl group contains 1-10 
carbon atoms, e.g.. N-methylacrylamide; N-methyl methacrylamide; N.N-dialkyI acrylamides. where the 
alkyl groups contain 1-10 carbon atoms, e.g.. N.N-dimethylacrylamide; acrolein; and methacrolein. 

Suitable functionalized terminal olefins. H2C = CR3R*. include: alkyl acrylates. where the alkyl group 
contains 1-10 carbon atoms, e.g.. methyl acrylate and ethyl acrylate; methyl methacrylate; acrylamide; 
methacrylamide; N-alkyI acrylamides. where the alkyl group contains 1-10 carbon atoms, e.g., N- 
methylacrylamide; N-methyl methacrylamide; N.N-dialkyI acrylamides. where the alkyl groups contain 1-10 
carbon atoms, e.g., N.N-dimethylacrylamide; acrolein; and methacrolein. 

Preferably, H2C = CR^R2 is ethylene, propylene, styrene, methyl acrylate, ethyl acrylate. acrolein, or 
N.N-dimethyl acrylamide. Preferably, H2C = CR3R* is methyl acrylate, ethyl acrylate. acrolein, or N,N- 
dimethyl acrylamide. More preferably. H2C = CR'R2 is ethylene, styrene. methyl acrylate or ethyl acrylate 
and H2C = CR3R* is methyl acrylate or ethyl acrylate. Most preferably, H2C = CRm2 and H2C = CR3R* are 
both either methyl acrylate or ethyl acrylate. 

The terminal olefins. H2C = CR^R2 and H2C = CR3R*. can be chosen to be the same or different olefins 
to give, respectively, homodimers or codimers. The efficiency of the production of codimers may depend 
on the specific olefins chosen, and thus it may be necessary to use a large excess of one of the olefins to 
obtain the desired codimer. 

The cationic rfiodium compound used in the process of this invenfion can be formed in one of several 
ways. A particularly conveni nt route involv s reacting a pr cursor. URhL^'L^*, with an acid, H+X". where 



V is an anionic pentahapto ligand; 

L2' and L^' are n utral. 2-el ctron donor ligands. or and L^' ar conn cted to form a neutral. 4- 

lectron ligand; and 
X~ is a non-coordinafing anion. 
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For example, Cp*Rh{C2H*)2 reacts with HBF* to give 

fCD*Rh(CH7CH2"H)(C_2H4)l+BF4-. 

which Is useful in the process of this invention. (Cp* is pentannethylcyclopentadienyl.) Similarly, compound 
la (L* Is Cp*: is P(0Me)3; R^^ is Me: and [X^r is BF^") can be made by reacting HBFa with Cp*Rh(P- 
(OMe)3)(CH2 =CHC02Me). In these routes to catlonic rhodium compounds, suitable acids. H^X", include: 
10 HBF4; HPFs; H2SO4; CFaSOsH; CF3C02H; and tetraarylboronic acids, e.g.. HBPh* and HB(3,5-bis- 
(trif luoromethyl)phenyl)4 ■ 

Alternatively. URhL2'(R)Y, where Y is a hallde and L\ and R are as defined above, can be reacted 
with a Lewis acid in the presence of an olefin to form a catlonic rhodium compound which is useful In the 
process of this invention. For example, Cp*Rh(P(0Me)3)(Me)Br could be reacted with AgBF* in the 

76 presence of methyl acrylate to give the desired catlonic rhodium compound. [Cp*Rh(P(OMe)3)- 
(CH2 =CHC02Me)(Me)rBF4". In catalyst preparations of this type, suitable Lewis acids include: Ag+X". 
AIX"3. BX"3, FeX"3. and SbX"5. where X" is halide. 

In a third genera! route, precursors such as [L^RhL^'L*]*, where L* Is a v-allylic ligand and L^ and L^' 
are as defined above, can be reacted with H2 to give cationic rhodium compounds which are useful in the 

20 process of this invention. For example, compounds of the class [Cp*Rh{MeOC(0)CH2C"HCHCHC02Me)rX- 
III. 



26 



30 



35 




can be reacted with hydrogen to give cationic rhodium compounds which are useful In the process of this 

invention. A particularly useful precursor of this type Is 
40 ICp*Rh(MeOC(0)CH2CHCHCHC02Me)nB{3,5-bis(trifluoromethyl)phenyl}4r "la- 
in all of these rhodium compounds, suitable pentahapto ligands. L\ and L^ include: cyclopentadlenyl 

and substituted derivatives of cyclopentadlenyl containing 1-5 substitutents chosen from C1-C4 alkyl. 

trifluoromethyl. Cc-Cio aryl. COOR^* (where R^* C1-C4 alkyl), and C(0)R^5 (where R^^ |s C1-C4 alkyl); 

indenyl; fluorenyl; and carboranyi ligands such as (7,8,9,1 0,11 -i7)undecahydro-7.8-dicarbaundecaborato(2-) 
45 and (7,8.9,10.1 1-Tj)undecahydro-7,9-dicarbaundecaborato(2-). Preferably, L\ L* and L^ are alkyl-substituted 

derivatives of cyclopentadlenyl; most preferably, , L* and L^ are pentamethylcyclopentadlenyl (Cp*). 

Suitable neutral, 2-electron donors, L^, L^, L^*, L^', and L^ Include: carbon monoxide; alkyl-, aryl-, or 

mixed alkyl.arylphosphines (e.g.. trimethylphosphine, triphenylphosphine, or diethylphenylphosphine); alkyl-. 

aryl-, or mixed alkyl.arylphosphites (e.g., trimethylphosphlte, triphenylphosphite, or dimethylphenyl- 
50 phosphite); olefins (e.g., ethylene, propylene, 1-hexene, 1-octene, methyl acrylate, ethyl acrylate, or 

dimethyl hexenedloate); nitriles (e.g.. acetonitrile or benzonitrlle); and the carbonyl groups of ketones (e.g., 

acetone) and esters (e.g., methyl acrylate). L^ and L^ can be the same or different, provided that if L^ Is a 

phosphlne or phosphite, then L^ is not a phosphine or phosphite. Similarly. L^' and L^* can be the same or 

different, but cannot both be phosphine or phosphite ligands. Preferred 2-electron donors include carbon 
55 monoxide, ethylene, trimethylphosphlte, methylacrylate and dimethyl hexenedloate. 

Alternatively. L^ and L^, or L^* and L^*, may b connected to form a neutral 4-electron donor ligand 

which contains two 2-electron-donor sit s (olefin, phosphine, phosphite, nitrile or carbonyl groups). Suitable 

4- lectron-donor ligands of this type include: butadiene, 1 ,5-pentadlene, m thyl vinyl ketone and ac- 
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rylonitriie. Similarly, R and (or L^') can be connect d, as In 



[Cp*Rh(CH2CH2"H)(C2H4)]+BF4-. 

Other suitable connected llgand systems include those in which L^' and L* are connected (as in compound 
III), and those in which R is connected to and (as in ICp*Rh{CH(CH2CH2C(0)OMe)(CH2C(0)OMe)}]- 
+X- (lla), where Is Cp*. and R^^ and R^^ are Me). 

Suitable R groups include: H; C1-C10 alkyi (e.g.. methyl, ethyl, propyl, isoproyi, and butyl); Cs-Cio aryl 
(e.g., phenyl, p-tolyl, and 3,5-dimethylphenyl); and C7-C10 aralkyi (e.g.. benzyl, and -CH2CH2Ph). 

[X]-, [X^r, and [X^p are anions which do not coordinate to the cationic rhodium compounds, and 
include BF^", PFe". CFsSOa". and tetraaryl borates such as [B{3,5-bis(trifluoromethyl)phenyl}4r and 
BPh4-. 

The novel compounds, I and II, 




OR' 



[x-] 



and 




OR" 



i I 



where 

is an anionic pentahapto ligand; 
is a neutral 2-electron donor ligand; 
R" is selected from the group of C1-C10 alkyI; 

pcy is a non-coordinating anion; 

is an anionic pentahapto ligand; 
R^2 anci R^3 are independently selected from the group consisting of C1-C10 alkyI; and 
[X2]~ is . a non-coordinating anion 

are among the preferred cationic rhodium compounds for use In this invention. Preferably R", R'^ and R'^ 
are methyl or ethyl, and [X^]- is a non-coordinating anion such as BFa", PFg", CFsSOs", BPh4~, or [B{3,5- 
bis(trlfluoromethyl)phenyl}4]'. BF*- and [B{3.5-bis(trifluoromethyl)phenyl}4.r are most preferred. Most 
preferably, is CO or trimethylphosphite. 

Other preferred cationic rhodium compounds include: 



[Cp* Rh(CH2CH2-.H)(C2H4)]+X-: 



and 

[Cp*Rh(P(OMe)3)(CH2 = CHCO2 Me)(Me)rx-, 
where X" is a non-coordinating anion such as BF4". PFc", CF3SO3". BPh4"", or [B{3,5-bis(trifluoromethyl)- 
phenyl)*]". BF*- and [B{3,5-bis(trifluoromethyl)phenyl}4r are most preferred. 

Th cationic rhodium compound can be prepared in situ in the pr s hce of the olefin(s) to be 
dimerized, or it can be pr pared separately and then added to the olefin(s). 

The amount of cationic rhodium compound used is not critical. Molar ratios of olefin/Rh of 2/1 to 
10,000/1 have been demonstrated, and higher ratios are possible. 
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Suitable solvents for the process of this invention are those in which the catalyst and olefin(s) are at 
least partially soluble, and which are not reactive under the process conditions. Suitable solvents include 
halocarbons, ethers, esters, and aromatic solvents. Preferred solv nts include dichloromethane and diethyl 
ether. Alternatively, this process may be run in the absence of solvent, depending on the olefln(s). For 
s ftxampje^ the-dirnerizatien-cf-rr.cthy^acry lato-carr easi our in neat acryTate. 

Suitable temperatures for the process of this invention range from about -100*C to about 150*C, 
depending on the specific catalyst, olefin(s) and pressure. More preferably, the temperature is between 0 * C 
and 100 * C; most preferably between 20 • C and 80 • C. 

The process of this invention is not particularly sensitive to pressure, and pressures of 0.1 atm to 1,000 
10 atm are suitable. 

The process of this invention can be conducted in the presence of inert gases such as nitrogen, argon, 
helium, carbon dioxide and saturated hydrocarbons such as methane. In the preferred mode, the process is 
conducted in the presence of hydrogen, where the partial pressure of hydrogen Is from about 0.1 atm to 
about 10 atm. Surprisingly, high yields of dimers are obtained and less than 3% saturated products are 
75 observed even under 1 atm hydrogen. 

EXAMPLES 

The following examples are provided to illustrate the invention and are not to be construed as limiting 
20 the invention. All preparative manipulations were carried out using conventional Schlenk techniques. 
Methylene chloride was distilled from P2O5 under a nitrogen atmosphere. Methyl aery late was stored under 
4A molecular sieves. The rhodium complexes were prepared according to published procedures. 

Reaction mixtures were analyzed by NMR spectroscopy. This method is advantageous since the 
fate of the rhodium species as well as the conversion of methyl acrylate into dimers can be monitored. The 
25 only dimers observed in all cases were linear, tail-to-tail dirriers which included E- and Z-CH30C(0)- 
CH = CH-CH2-CH2-C02CH3 (from here on referred to as E-2 and Z-2) and E-CH3 0C(0)-CH2-CH = CH- 
CH2CO2CH3 (from here on referred to as E-3). Normally, the E-2 isomer was the major isomer. Small 
amounts of E-3 often appeared at the end of the reaction, probably due to isomerization of the E-2 and Z-2 
isomers under the reaction conditions. The turnover number (TON) was defined as the number of moles of 
30 methyl acrylate consumed/mole of rhodium complex. The most efficient reactions were carried out under 1 
atm H2. Under these conditions very little (<3%) hydrogenation of methylacrylate occurs. 

Examples 1-3 demonstrate relatively inefficient dimerlzation employing Cp*Rh(C2H4)(P(OMe)3) as 
starting material. In all these examples the reaction was followed by NMR using NMR tubes sealed 
under vacuum. 

35 

Example 1 

HBF+^MesO (32 uL, 0.287 mmol) is 5 mL diethyl ether was added at -30'C to Cp*Rh(C2H4)(P(OMe)3) 
(84 mg, 0.215 mmol) in 25 mL ether. The rhodium hydride salt [Cp"Rh(C2H4)(P(OMe)3)Hr[BF4r preclpitat- 
40 ed immediately. The mixture was cooled to -80 'C and the ether solution was removed via cannula. The 
solid was washed with 2 portions of 5 mL of cold diethyl ether and dried under vacuum at low temperature. 

Methyl acrylate (7.2 (iL, 0.08 mmol) was added to an NMR tube at liquid nitrogen temperature 
containing [Cp*Rh(C2H4)(P(OMe)3)Hl+[BF4r (8 mg, 0.017 mmol) in 0.6 mL CCbCfe. The NMR tube was 
then sealed under vacuum. The reaction was monitored by NMR. A new complex Cp*Rh- 
45 (CH2CH2C02Me)(P(OMe)3) was obtained and slow dimerlzation of the methyl acrylate was observed. (50% 
conversion after 9 days) 

Example 2 

50 The new complex ICp*Rh(CH2CH2C02Me)(P(OMe)3)rBF4~ (la) was prepared starting from [Cp"Rh- 

(C2H4)(P(OMe)3)H]+[BF4r (140 mg. 0.293 mmol) and methyl acrylate (36 uL. 0.40 mmol) in 5 mL CH2CI2. 

Then methyl acrylate (250 uL. 2.78 mmol) was added at room temperature. Slow dimerlzation was 

obtained: 17% conversion after 24 h and 58% after 12 days. 

NMR data for [Cp*Rh(CH2CH2C02Me)(P(OMe)3)rBF4" (la): NMR (CI>2Cl2. 400 MHz. 23 -C): 83.79 
55 (s, CO2CH3). 3.71 (d, Jp-H = 12 Hz. P(OCH3)3). 2.9 (m, CH2). 2.2 (m. CH2), 1.67 (d, Jp-h = 4 Hz. C5(CH3)- 

5). 

^3C{^H} NMR (CD2CI2, 100 MHz, 23-C): 6191.0 (s. CO2CH3). 101.2 (s, C5(CH3)5). 55.6 (s. CO2CH3). 53.2 
(d. Jp-c = 4 Hz. P(OCH3)3). 39.1 (s. CH2CO2CH3), 13.0 (t. Jrh-c = Jp-c = IB Hz, RhCH2), 9.3 (s. C5- 
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(CHaH). 



10 



IS 



20 



25 



30 



35 



Example 3 

Methvl acrylate (77 nU 0.86 mmol) was added to [Cp-Rh(C2HO(P(OMe)3)Hr[BRr (12 mg. 0.025 
r.S7ep^^^^o%^ the method described in Example 1. After 4 days, 50% cor^vers.or. to d.mers was 

""^^Tamples 4-13 demonstrate very efficient dimerization employing Cp-Rh(C2H,)2 as starting material. 
Only linear dimers were obtained. 

Example 4 

HBF,.OMe2 (one drop) was added at-40-C to Cp"Rh(C^H.)a (6 mg. 0.02 "''"°') "J^f .^^^J 
in an NMR tube. After shaking, the tube was frozen at liquid nitrogen temperature. Methyl acrylate (250 
2 78 mmol) was added and Ln the tube was sealed under vacuum at liquid nitrogen temperajire The 
miction was then followed by NMR analysis at room temperature. After 45 min. 97% conversion to d.mers 
was obtained. Dimers: E-2. 94%; Z-2. 4%; E-3. 2%. 

Exanriple 5 

HBF..OMea (one drop) was added at -50-C to Cp-Rh(ChUh (6 ma.0.02 mmol) in J mL of CH^Cb in 
a 100 mL Schlenk flask. Methyl acrylate (2.5 mL. 27.8 mmol) (degassed under N^) was added a -50 a 

mbdure was then stirred at 0-C. The reaction was followed by NMR by wrthdrawing 50 uL o^ ttie 
SLTetS wilding? to 0.5 mt ot CD.CI3. After 20 h at O'C. 63% conversion to dimers was. obtained. 
Dimers: E-2, 86%; Z-2. 14%. TON = 876. 

Example 6 

The procedure described in Example 5 was repeated, except the* the mixiwre was kept in a w^er batt. 
at room temperature. After 3.83 h. 67% conversion to dimers was obtained. Dimers: E-2. 85 ^. Z-2. 18 A. 
"PON — 931 

In Examples 7-11 and 13. HBPh*" indicates HBl3.5-bis(trifluoromethyl)phenyll4. 
Example 7 

HBPh.-.(Et20)2 (29 mg, 0.029 mmol) was added to Cp*Rh(C2H4)2 (6 mg, 0.020 mmol) in 5 mL CHsCb 
at oTLhyl acrylate (3 mL, 33.3 mmol) was added at 0 • C and after 5 m,n the Schlenk flask was kept at 
room temperature in a water bath. Results are presented in the following table. 



40 



45 



Time (h) 


%Conversion to 




dimers 


0.25 


5 


1 


16 


3 


45 


6 


62 


24 


75 



50 



55 



At 24 h. dimers were: E-2. 89%; Z-2. 1 1%. TON = 1249. 
Example 8 

This example shows that the presence of a solvent is not necessary. , nr.-av.ir h u /in 

HBPh4-.(Et20)2 (49 mg. 0.048 mmol) in 2 mL of diethyl th r was added at O'C to Cp Rh(C2H*)2 (10 

mg. 0.034 mmol) in 2 mL of diethyl th r. Aft r stirring 7 min. th mixtur was evaporated to dryness at 
und r vacuum. Tli n methyl acrylate (8 mL. 88.9 mmol) was added at 0-C to th r maining sol.d^ 

After stirring 5 min. the SchI nk flask was kept in a water bath at room temperature. 47% conversion was 

obtained: E-2. 88%; Z-2. 12%. TON = 1229. 
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Example 9 

This example shows that dimerization occurs at a temperature as low as -80 ' C. 

HBPh4"**(Et20)2 (38 mg. 0.037 mmol) in 0.3 mL CD2CI2 was added at 0*C to Cp*Rh(C2H*^)2 (7 mg. 
-5 0.Q24 rrimo!) in G.5 nr.L CSzCiz m arr NivlR tube. Arier cooling to -80*0. methyl acrylate (20 uL, 0.222 
mmol) was added, and the tube was shaken just before its introduction into the NMR probe. Dimerization 
was observed at -80 'C, but the reaction was very slow. 

In Examples 10-13, the reactions were performed using N2 and H2 atmospheres. 

70 Example 10 

HBPh4~»(Et20)2 (49 mg, 0.048 mmol) in 2 mL CH2CI2 was added at 0*C to Cp'Rh(C2H4)2 (10 mg. 
0.034 mmol) in 10 mL CH2CI2. After stirring 10 min, methyl acrylate (8 mL, 88.9 mmol) was added to the 
mixture. The Schlenk flask was then kept at room temperature in a water bath. After 4 h reaction under N2 
IS atmosphere, 36% conversion to dimers was obtained. At this point, the mixture was divided into two 
fractions: one fraction was kept under N2 and 47% conversion was finally obtained. H2 was bubbled through 
the second fraction for 1 h, and 95% conversion to dimers was finally obtained. TON = 2483 (H2 
atmosphere). 

20 Example 11 

HBPh4***(Et20)2 (50 mg. 0.049 mmol) in 1.5 mL CH2CI2 was added at 0*C to Cp*Rh(C2H4)2 (10 mg, 
0.034 mmol) in 2.5 mL CH2CI2. After stirring 10 min, methyl acrylate (20 mL, 222.3 mmol) was added to the 
solution. The Schlenk flask was then kept at room temperature in a water bath under H2 atmosphere. The 
25 results are reported in the following table: 



Time (h) 


% Conversion to dimers 


4.33 
22.33 
48 


14 
68 
>99.9 



At 48 h. TON = 6538. 

Turnover rate = 3.5 mol CH2 = CHCO2 Me/mol(Rh)/min at 25*0. 
Dimers: E-2, 95%; Z-2, 3%; E-3, 2%. 

Example 12 

One drop of HBF4«Me20 was added at -40 'C to Cp"Rh(C2H4)2 (10 mg. 0.034 mmol) in 10 mL of 
CH2CI2. Methyl acrylate (8 mL. 88.9 mmol) was added to the mixture, and the mixture was then heated to 
40-50 * C under an H2 atmosphere. (The Schlenk flask was equipped with a water condenser.) The reaction 
was only monitored for 4 h and at that point, 69% conversion was obtained. 

Turnover rate = 7.5 mol CH2 = CHCO2 Me/mol(Rh)/min at 40*C. 

Example 13 

HBPh4'"-(Et2 0)2 (50 mg, 0.049 mmol) in 3 mL CH2CI2 was added at 0*C to Cp'Rh(C2H4)2 (10 mg. 
0.034 mmol) in 3 mL CH2CI2. After stirring 10 min, methyl acrylate (20 mL, 222.3 mmol) was added to the 
solution. The Schlenk flask was then kept at room temperature in a water bath under H2 atmosphere. The 
results are reported in the following table: 
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10 



15 



Time (h) 


% Conversion to 




dimers 


2 


12 


3.25 


20 


4.33 


27 


5.33 


33 


7.75 


47 


9.75 


59 


11.50 


67 


12.92 


75 


14.83 


84 


16.75 


91 


18.50 


95 


20.33 


97 



20 



25 



30 



35 



40 



45 



50 



55 



After 11 50 h the mixture was frozen in dry ice/acetone overnight. Just after thawing, no change was 
^Sei in the monomer/dimer ratio and the reaction was then rnonitored in the ^^-^^^ 
freezing. After 36 h at room temperature. >99.9% conversion was obtained, giving a TON - 6538. (No data 
Doints were taken between 20.33 and 36 h.) . . ^ ■ ^\ 

Turnover rate = 6.6 mol CH2 =CHC02Me/mol(Rh)/min at 25*0 (over the initial 10 h period). 
Dimers: E-2. 94%; Z-2. 5%; E-3. 1%. 

Example 14 

The procedure described m Example 13 was repeated, except that the mixture was heated to BO'C 

""'tft'i n!l5?'^nversion was obtained. An additional 20 mL of methyl acrylate was added, and after 

22 h. 99% conversion was obtained at 60-C, giving a TON = 13,000. 

Turnover rate = 65 mol CH2 =CHC02Me/mol(Rh)/min at 60-C (over the initial (1 h ) period). 

Products: Dimers (98%): E-2, 93%; Z-2, 6%: E-3. 1% 

Methyl propionate (2%). 

Example 15 

This example describes the synthesis (2 methods) and the ^^^f^^i^^^^L'^^^^^^^^ 
[Cp-RhCH(CH2C02Me)(CH2CH2C02Me)r[BPh4-r (Hb) and {Cp-Rh(,3-MeOC(0)CH2CHCHCHC02Me)] 

MrthSU")' HBPh*-.(Et20)2 (218 mg, 0.215 mmol) in 3 mL CHaCb was added at O'C to Cp"Hh(C2H*)2 
(49 mg 0 167 mmi in 7 mL ci.Cb. After stirring 10 min, MeOC(0)CH = CHCH.CH.CaMe w» 
aied^to the mixture. After stirring overnight at room temperature, the solution was «^^P°f ^^^^^^^^^^ 
The residue was washed with hexane to eliminate the dimer. The two complexes (lib) and (lllb) were 
separated by successive recrystallizations In diethyl ether/hexane and isolated^ ^''^f.^.Tcl-Ht^lCH.^ 

Method 2: HBPh.-.(Et.O)a (171 mg. 0.169 mmol) In 3 mL CHaCb ^'^^^^^^,'''1^''^^^.'^^ 
(39 mg. 0.133 mmol) In 7 mL CH^Cb. After stirring 10 min. methyl acrylate (240 uL. 2.668 n^-^oj «^ 
Sded to the mixture After stirring overnight at room temperature, the solution was ^^^'^"^^.^^""^ 
The residue was washed with hexane to eliminate excess dimer. The two complexes (lib) and (lllb) were 
separated by successive recrystallizations in diethyl ether/hexane and isolated as orange crystals. 
NMR data for [Cp'RhCH(CH2C02Me)(CH2CH2C02Me)r[BPh4T (llb): ro,CH,^ 3 84 (s 

iH NMR (4O0 MHz. CCfeCb. 23-C): *7.72 (Ph". 8H). 7.56 (Ph" 4H). 3.93 (s CQ^CH3) 3.84 (s. 
CO2CH3). 3.35 (m. broad. Ha), 3.00 (dd. Jk.-h.. „ c = 9 Hz. J„b-Hc = 19 Hz. Hb or c). 2-68 (d. J„b-^ 
19 HZ He or b). 2.40 (ddd. J = 3. 7 and 19 Hz. Hf or g). 2.15 (ddd, J = 3. 9 and 19 Hz. Hg or f). 1.68 (m. 

" T3^V^S f^OO^S^cka.S.Ta^t^ (s. C0.CH3), 183.0 (s. CJCH )™ .c e = 50 H. 
CV) 135.2 (d. Jc-H = 157.5 Hz. C2' and C6'). 129.3 (q. =Jc-p = 32 Hz, C3' 5=5 )^Jf "^f'^" 
S, Cf!) 117.9 (dq Jc-H = 163 Hz. ^Jc-. = 4 Hz. 04'). 94.6 (d. ''c-^n = 8 "z. ^(CH3)s). 55.7 (q. Jc-h - 
150 HZ. CO3CH3), 54.9 (q, Jc-h = 150 Hz. CO^CH,). 44.8 (t. Jc-„ = 130 Hz.CYk) f ;J <^^- !^ 
Hz Jc-H = UO Hz. Rh-CH). 31.6 (t. Jc-h = 130 Hz. CHz). 29.9 (t Jc-h = 130. CH2). 8.9 (q. Jc-h - 129 
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Hz. C5(CH3)5). 



TO 



T5 




NMR data for [Cp*Rh(i,3-MeOC(0)CH2CHCHCHC02 Me)]+IBPh4n-(lllb): 

iH NMR (400 MHz, CD2CI2. 23-C): 57.72 (Ph**. 8H). 7.56 (Ph^. 4H). 5.49 (ddd, Jwa-Hb = 11 Hz. Jwc-Hb 
20 = 8 Hz. jRh-Hb = 2 Hz. Hb). 4.70 (ddd, Jwb-Hc = 8 Hz, Jhc-hci = 7.5 Hz. Jhc-hc = 2 Hz, He), 3.85 (s, 
CO2CH3). 3.82 (s, CO2CH3), 3.42 (dd, Jwd-Hc = 7.5 Hz. Jwd-He = 21 Hz, Hd), 3.11 (d. JRa-Hb = H Hz. 
Ha), 2.61 (dd. Jne-Hd = 21 Hz. JHa-Hc = 2 Hz. He). 1.70 (s. C5(CH3)5). 

^3C{^H} NMR (100 MHz, CD2CI2, 23 'C): 5186.8 (s. C5). 170.0 (s, C6). 162.1 (q, Jc-b = 50 Hz, CV). 
135^ (s. C2' and C6'), 129.3 (q. ^Jc-f = 32 Hz. C3' and C5'), 125.0 (q. Jc-f = 273 Hz, CF3). 117.9 (q, 
25 3Jc-F = 4 Hz. C4'). 102.5 (d. Jc-rh = 5 Hz. C2). 101.3 (d. Jc-Rh = 7 Hz. C5(CH3)5). 71.6 (d. Jc-Rh = 9 Hz, 
C3). 67.8 (d, Jc-Rh = 10 Hz. CI), 56.5 (s, OCH3), 52.5 (s, OCH3). 36.5. (s. C4). 8,9 (s, C5(CH3)5)- 

NMR (100 MHz, CD2CI2, 23-C): 5186.8 (s, C5), 170.0 (s, C6), 162.1 (q, Jc>b = 50 Hz, CV). 135.2 
(d. Jc-H = 157.5 Hz, C2' and C6'), 129.3 (q. ^Jc-f = 32 Hz, C3' and C5*), 125.0 (q. Jc-f = 273 Hz, CF3). 
117.9 (dq. Jc-H = 163 Hz. 3Jc-f = 4 Hz. C4'), 102.5 (nn. Jc-h = 170 Hz. C2). 101.3 (d, Jc-rh = 7 Hz. C5- 
30 (CH3)5). 71.6 (m. Jc-H = 160 Hz, 03). 67.8 (dt. Jc-h = 161 Hz. ^Jc-Rh = ^Jc-Hb = 10 Hz. CI). 56.5 (q. 
Jc-H = 151 Hz. OCH3). 52.5 (q, Jc-h = 148 Hz, OCH3), 36.5. (t. Jc-h = 130 Hz. C4). 8.9 (q. Jc-h = 129 

Hz. C5(CH3)5)- 




lllb 

50 



Claims 

1. A process for preparing functionalized linear olefins which comprises reacting a first olefin, 
55 H2C = CR^R2, with a second olefin. H2C = CR3R*. in the presenc of a cationic rhodium compound, 
[URhL2L3RrX": wherein 

R^ is selected from th group consisting of H and C1-C10 alkyi; 

R^ is selected from the group consisting of H, C1-C10 alky I. phenyl. C7-C12 
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alkyl-substituted phenyl. -COOR^ . -C(0)NR^ , and -C(0)H; 
D3 is selected from the group consisting of H and C1-C10 alkyl; 

R4 is selected from the group consisting of -COOR« , -C(0)NR3 rio , and -C(0)H; 

R5 and R8 are independently selected from the group consisting of C1-C10 alkyl: 

R6, R7. R«. and R^® are independently selected from the group consisting of H and C1-C10 alkyl; 
Li is an anionic pentahapto jigand; 

\? and are neutral 2-electron donor ligands; 

R is selected from the group of H. C1-C10 alkyl. Cs-Cio aryl. and C7-C10 

aralkyi ligands; 
y- is a non-coordinating anion; and 

wherein two or three of L2, and R are optionally connected. 

Z A process according to Claim 1 wherein said process is carried out between the temperatures of 
-1O0'C to 150-C. 

a A process according to Claim 2 wherein said first olefin is selected from the group consisting of 
ethylene, propylene sty rene. methyl acrylate. ethyl acrylate. acrolein, and N.N.dimethyi acrylanrude and 
said second olefin is selected from the group consisting of methyl acrylate, ethyl acrylate. acrolein, and 
N.N-dimethyl acrylamide. 

4. A process according to Claim 3 wherein V is pentamethylcyclopentadienyl. 

5. A process according to Claim 4 in which said first olefin is selected from the group consisting of 
ethylene, styrene, methyl acrylate and ethyl acrylate. and said second olefin Is selected from the group 

25 consisting of methyl acrylate and ethyl acrylate. 

6. A process according to Claim 5 in which said cationic rhodium compound is selected from the group 
consisting of: 



70 



15 



20 



30 



[Cp^ Rh(CH2CH2-H){C2H4)rBF4-; 



[Cp*Rh(P(OMe)3)(CH2 = CHC02Me)(Me)rBF4-; 
35 [Cp*Rh(CH2CH2C(0)OMe)(P(OMe)3)rBF4-; 

[Cp*Rh{CH(CH2CH2C(0)OMe)(CH2C(0)OMe)}rBF4-; 

lCp*Rh(CH2CH2-lM)(C2H4)l*lBPh4-1-; 

[Cp*Rh(P(OMe)3)(CH2 = CHCO2 MeKMe)r[BPh4T-; 
[Cp*Rh{CH2CH2C(0)OMe)(P(OMe)3)r[BPh4^-; and 
[Cp-Rh{CH(CH2 CH2 C(0)0Me)(CH2 C(0)OMe)}r [BPhAT; 
where [BPhAT is [B{3,5-bis(trifluoromethyl)phenyi}4r- 

7. A process according to Claim 6 in which the partial pressure of hydrogen is 0.1 to 10 atm. 

a A process according to Claim 7 in which said first olefin is methyl acrylate and said second olefin is 
methyl acrylate. 



40 



45 



50 



55 
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9. A compound of the formula 



10 



15 



20 



where 
[X^r 




is an anionic pentahapto ligand; 

is a neutral 2-electron donor ligand: 

is selected from the group of C1-C10 alkyi; and 

is a non-coordinating anion. 



10. A compound according to Claim 9 wherein L* is pentamethylcyclopentadienyl, and is chosen from 
the group consisting of CO and trinnethylphosphlte. 

25 11. A compound according to Claim 10 wherein Is trimethylphosphite and R" Is methyl. 

12. A compound of the formula 



30 



35 



40 



6. 



[x1 



45 



where 

is an anionic pentahapto ligand; 
R^2 and R^^ are independently selected from the group consisting of C1-C10 alkyI; and 
[X^y is a non-coordinating anion. 

13. A compound according to Claim 12 wherein is pentamethylcyclopentadienyl, and R^^ and R^^ are 
methyl. 

50 Patentanspruche 

1. Verfahren zur Herstellung funktlonalisierter linearer Olefine, welches umfafit Umsetzen eines ersten 
Olefins, H2C = CR^R2, mit einem zwelten Olefin, H2C = CR3R*, in Gegenwart einer kationischen Rhodi- 
umverbindung. [URhL^L^RrX", worin 
55 R' ausgewahit wird aus der Gruppe. bestehend aus H und Ci-Cio-AlkyI; 

R2 ausgewahit wird aus d r Gruppe. besteh nd aus H. Ci-Cio-Alkyl. Phenyl, C7- 

Ci2-Alkyl-substitulertem Phenyl. -COOR^. -C(0)NRS R7 und -C(0)H; 
R3 ausgewahit wird aus der Grupp . b stehend aus H und Ci-Cio-Alkyt; 
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^ ausgewShlt wird aus der Gruppe. bestehend aus -COOR^ -C(0)NR3R- ,nd 

RB „„d R. unSngiQ ausgewShlt werden aus der Gruppe. besteher,d aus C,-C,o- 

R^ . R» ur,d R- uShangIg ausgewShlt werden aus der Gruppe. bestehend aus H und C- 
Clo-AlkyI; 

,1 ein anionischer Pentahapto-Ligand ist; 

,2„nHi3 fur neutrale 2-Elektronen-Donorliganden stehen; a.., i r r 

R ""^ ' ausgewahlt wird aus der Gruppe. bestehend aus H. C,-C,o-AlkyK Cs-Co- 

Aryl- und C7-Cio-Aralkyl-Liganden; 
, y- fur ein nichtkoordinierendes Anion steht; und 

und worin 2wei Oder drei von L3 und R gegebenenfalls verbunden sind. 
2. Vertahren nach Anspruch 1. bei dem das genannte Verfahren zwischen Temperaturen von -100 -C bis 
15 150 •€ durchgefOhrt wird. 

Ethylacrylat. Acrolein und N.N-Dimethylacrylamid. 
4 Verfahren nach Anspruch 3. worinUPentamethylcyclopentadienyl ist. 

wShlt wird aus der Gruppe bestehend aus Melhylacrylat und Ethylacrylat 
6. vertahren nach Anspruch 5. bei dem die genannte ka«onische Rhodiumverbindung ausgewShlt wird 



20 
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40 



aus der Gruppe. bestehend aus: 

[Cp-Rh(CH2CH2-H)(C2H4)l*BF4-; 

[Gp-Rh(P(OMe)3)(CH2 = CHC02Me)(Me)rBF4-; 
[Cp-Rh(CH2CH2C(0)OMe)(P(OMe)3)rBF4-; 
[Gp*Rh{CH(CH2CH2C(0)0Me)(CH2C(0)0Me)}rBF4 ; 

[Cp-Rh(CH2CH2-H)(C2H4)inBPh4--l-: 



[Gp*Rh(P(OMe)3)(GH2 = GHG02Me)(Me)riBPh4T-; 
rGp*Rh(GH2GH2G{0)OMe)(P(OMe)3)riBPhA-T- und _ 
[Gp*Rh{GH(GH2CH2G(0)OMe)(GH2G(0)OMe)}] + [BPh4n . 

45 worin [BPh+T" [B{3.5-Bis(trifluormethyl)-phenyl}4r «st. 

7. verfahren nach Anspruch 6. bei dem der Partialdruck von Wasserstoff 0.1 bis 10 atm betrSgt. 

8. verfahren nach Anspruch 7. bei dem das genannte erste Olefin Methylacrylat und das genannte zweite 
50 Olefin Methylacrylat ist. 



55 
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9. Verbindung der Formel 



70 




IS 

worin 

L* ein anionischer Pentahapto-Ligand ist; 

L5 ein neutraler 2-Elektronen-Donor-Ligand ist; 

ausgewShIt wird aus der Gruppe von d-Cio-Alkyl; und. 
20 [X^F ein nichtkoordinierendes Anion ist. 

10. Verbindung nach Anspruch 9, vyorin L* Pentamethylcyclopentadienyl ist und ausgewahit wird aus 
der Gruppe, bestehend aus CO und Trimethylphosphit. 

25 11. Verbindung nach Anspruch 10. worin Trimethylphosphit darstellt und fUr Methyl steht. 

12. Verbindung der Formel 



30 



35 



40 




worin 

ein anionischer Pentahapto-Ligand ist; 
grid R13 unabhangig ausgewShlt werden aus der Gruppe, bestehend aus Gi-Cio-Alkyl: und 
45 [x2]" ein nichtkoordinierendes Anion ist, 

13. Verbindung nach Anspruch 12. worin Pentamethylcyclopentadienyl ist und R^^ ri3 Methyl 
stehen. 



50 Revendlcations 



1- Ptoc666 de preparation d*olefines lineaires fonctionnalis^es comprenant la reaction d'une premiere 
define, H2C = CR^R2, avec une seconde ol^fine, H2C = CRW, en presence d'un d6riv6 du rhodium 
cationique. [URhL^L^Rrx-; dans lequel: 
55 R^ St choisi dans le groupe consistant en H et les radicaux alkyle en Ci ^ Cio; 

R2 est choisi dans le groupe consistant en H. les radicaux alkyle n Ci ^ Cio, 

phenyl , phenyls substitue par d s groupes alkyle en 0? a C12, -COOR^, -0- 
(0)NR^R7.et-C(0)H; 
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P3 est choisi dans le groupe consistant en H et les radicaux alkyle en ^ Cio; 

% S choisi dans le grouS consistant en -COORB. -C(0)NR3Rio ^ .C(0)H. 

S et R« sont independamment choisis dans le groupe consistant en radicaux alkyle en 

R6. R^ et R^9 Snt choisis independamment dans le groupe consistant en H et les radicaux 

alkyle en Ci a Cio; 
LI est un ligand pentahapto-anionique; 

,2 et L3 sont des ligands neutres donneurs de deux Electrons; ^ . 

R est choisi dans le groupe consistant en H. les radicaux alkyle en Ci k Co. 

aryle en Cb a Cio et ligands aralkyles en C7 ^ Cio; 
X- est un anion non coordinant; et 

dans lequel deux ou trois groupes L^. et R sont gventuellement relies entre eux. 

Proc6d6 selon la revindication 1. dans lequel ledit proc6d6 est mis en oeuvre entre -lOO'C et 
+ 150*C. 

Proced6 selon la revendication 2. dans lequel ladite premiere ol6fine est choisie dans le groupe 
conSnt en 6*ylfene. propylene, styr^ne. acrylate de methyle. acrylate d'ethyle. a^^f ''^ ^te 
SSSJSac^lamide. et la seconde olefine est choisie dans le groupe cons.stant en acrylate de m#thyle. 
acrylate d'ethyle, acrolSine et N.N-dim6thylacrylamide. 

Proc6d6 selon la revendication 3. dans lequel V est le radical pentam6thylcyclopentadi§nyle. 

Proc6d6 selon la revendication 4. dans lequel ladite premiere olefine est choisie dans 'e groupe 
ciS^t en Ul^ne. styrene. acrylate de methyle et acrylate d'etj^e. et ladrte seconde otef.ne est 
choisie dans le groupe consistant en acrylate de methyle et acrylate d dthyle. 

Proc6d6 selon la revendication 5. dans lequel ledit d6riv6 de rhodium cationique est choisi dans le 
groupe consistant en: 



[Cp*Rh{CH2CH2-.H) (C2H4) ] •^BF4 



[Cp*Rh(P(OMe)3 )(CH2 = CHCO2 Me)(Me)r BF4 , 

[Cp-Rh(CH2CH2C(0)OMe)(P(OMe)3)rBF4*. 

tCp-Rh{CH(CH2CH2C(0)OMe)(CH2C(0)OMe)}rBF4- 



[Cp*Rh(CH2CH2..H) {C2H4) 1 ^ [BPh4**]-. 

[Cp*Rh(P(OMe)3)(CH2 = CHCO2 Me)(Me)r[BPh4T-. 
[Cp-Rh(CH2CH2C{0)OMe)(P(OMe)3)r[BPhn-.et 
[Cp''Rh{CH(CH2CH2C(0)OM8)(CH2C(0)OMe)}r[Bph4T. 
dans lequel [BPh^T represente le [B{3.5-bis(trifluoromethyl)phenyl}4] . 

Precede selon la revendication 6. dans lequel la pression partielle d'hydrogene est comprise entre 0.1 
et 10 atmospheres. 

Precede selon la revendication 7, dans lequel ladite premiere olefine est Pacrylate de m6thyle et ladite 
seconde olefine est Tacrylate de methyle. 
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9. Compost de formule: 



10 




dans laqueiie: 

75 L* est un iigand pentahaptoanionique; 

est un Iigand donneur de deux electrons neutre; 
R^V est choisi constitu^ par les radicaux alkyle en Ci a Cio.* et 
P0]~ est un anion non coordlnant. 

20 10. Compost salon la revendication 9, dans lequel est un radical pentann^thyicyclopentadienyle, et 
est choisi dans le grou|:>e consistant en CO et trim^thylphosphite. 

11. Compost selon ia revendication 10. dans lequel est le trim^thylphosphite et est le m^thyle. 

25 12. Compose de formule: 
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OR" 



l>1 



dans laqueiie: 

est un Iigand pentahapto-anionique; 
40 R^^ et R^^ sont ind^pendamment cholsis dans le groupe consistant en radicaux alkyle en Ci k 

Cio;et 

D^T est un anion non coordinant. 

13. Compost selon la revendication 12, dans lequel est un radical pentam^thylcyclopentadi^nyle et R^^ 
45 et R^ 3 sont des radicaux methyle. 
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